Abstract: Virtual Reality (VR) is playing an increasingly important role in education. It provides the opportunity to enhance the learning experience by representing complex systems in a 3D visualisation and freeing up cognitive capacity for learning. A 3D VR simulation of a base metal concentrator has recently been developed at the University of New South Wales (UNSW) Sydney, Australia. The module provides an interactive processing plant environment where the user can walk through and explore the entire processing flowsheet and simulations in the virtual world. This paper explores the potential benefits of VR for mineral processing teaching and learning by reporting results from a study comparing traditional and virtual reality mineral processing teaching environments. The main focus is on the understanding of the mineral processing system (equipment function, layout, flowsheet) by undergraduate and postgraduate students exposed to the two styles of education.
Introduction
Virtual Reality (VR) is the creation of an artificial environment that is experienced through sights and sounds provided by a computer (Squelch 2001) . Users immersed within this environment are able to interact with 3D worlds and explore their surroundings (Bell and Fogler 1996) . VR has been used across a wide range of industries and applications including manufacturing (Zimmermann 2008 , Jiang 2011 , military (Manojlovich et al 2003) , entertainment (Hsu 2011) , education (Bell and Fogler 1995 , 1996 , 1998 , Shin 2002 , process design visualisation (Schofield et al 2005 , Squires et al 2015 and industrial training (Squelch 2001, Mitra and .
The School of Mining Engineering at the University of New South Wales (UNSW) Sydney has a number of VR modules that offer a wide range of possibilities to present and simulate complicated mine environments including underground and surface mining to make specific subjects easier to understand (Laurence and Stothard 2010 . These modules are integrated into an ultra-high resolution, immersive visualisation environment, also referred to as the Advanced Visualisation and Interaction Environment (AVIE), which enhances the immersive feeling in VR-scenes. Example of VR modules include evaluating the feasibility of a mining project based on factors such as the characteristics of the mineral deposit, environmental concerns and economics; and health and safety focused modules that offer learning opportunities without exposing users to unacceptable risks.
A virtual processing plant has recently been developed at UNSW Sydney where the complex flowsheet and systems involved in the mineral processing of a copper ore were explained (Ata 2017) . The virtual plant is based on the Northparkes copper concentrator, which is located in central New South Wales, Australia. The concentrator has two identical parallel modules, each consisting of grinding and conventional flotation circuits. The ore is crushed and ground in a Semi-Autogenous Grinding (SAG) mill, followed by two stages of ball milling, and a flash flotation unit where high-grade fast-floating particles are removed. The flash flotation tailings are processed in rougher, scavenger, cleaner, re-cleaner and cleaner scavenger banks to produce the final copper-gold concentrate. The ore has a grade of approximately 1.4% copper and 0.4 g/t gold. The final concentrate produced for each module assays 36% to 40% copper.
The virtual plant displays a 3D representation of the processing plant showing the interconnectivity and flow between items. Users are able to view the entire model and transition from one station to the next, as a piece of ore would. Elements within the environment are animated to showcase their function and in some cases section views are available to display the inner working of equipment to users. Panoramic photos and videos recorded in an actual plant site can also be viewed at various locations to show real-world applications of equipment in the processing plant, which helps students to identify individual unit processes forming the flowsheet and become familiar with their operation and the connection between the individual units. Relevant technical information on all the unit processes, such as dimensions, volumes and make, have also been provided along with information on the characteristics of the streams (particle size, pulp density and grade) to enhance understanding of the flowsheet's layout. Figures 1 and 2 are Education screenshots of the module showing the grinding and flotation circuits, respectively.
The virtual concentrator is currently part of minerals processing courses taught at both undergraduate and postgraduate level at UNSW Sydney. Delivering mineral processing course material through a VR experience differs from the traditional approach of hand-out material on paper and a lecture presentation explaining the various elements in the processing flowsheet. In order to assess the potential of VR for minerals processing teaching and compare it to traditional teaching, we carried out a survey of both undergraduate and postgraduate students. This paper discusses the results of the survey. 
Methodology
The aim of the survey was to compare two teaching delivery methods for describing a copper processing concentrator: traditional teaching and a virtual reality environment. In both modes, the students were initially provided with a basic description of a flowsheet and key information such as feed composition, particle size, reagents schemes, and flow rate of streams followed by detailed information on the individual unit processes in the flowsheet. The conventional teaching method was a lecture-based course and both delivery modes included approximately one-hour session.
Two surveys were carried out in 7 weeks apart: one with postgraduate mining engineering students and the other with first year undergraduate engineering students. The students who participated in the survey had little prior knowledge of mineral processing. In each survey, two groups of students were compared: one group was exposed to the traditional teaching method first and the other was exposed to the innovative VR experience delivery method first.
A series of questions were prepared to collect data on the effectiveness of the teaching methods. The survey had two parts. Part 1 was given to the groups of students immediately after they had been exposed to their group's initial teaching method. The groups were then swapped over to experience the other teaching method to make sure the students were educated to the same level. The students were then exposed to another survey (Part 2) to compare the two teaching methods. The questions consisted of a mix of yes/no, multiple choice, scale/rank and/or text-based responses. In Part 1 of the survey respondents were asked two multiple choice questions, three open-ended questions that allowed respondents to type their answers in their own words and five rank questions where respondents were asked to agree or disagree with a number of statements, to rate items on a scale, or to rank items in order of importance or preference. Two open-ended questions were added to Part 2 to obtain unstructured feedback. Respondents were asked the reasons for their preferred teaching method and why they found the other teaching experience less effective. The survey had Ethics approval from Human Research Ethics Committee.
Results and Discussion
Of the 52 students enrolled in the classes (38 UG and 14 PG) 31 students (17 UG and 14 PG) participated in the survey, giving a response rate of approximately 60%.
Students were asked which teaching method they preferred, and which one gave them more understanding of the plant operation after they exposed to both delivery methods. Table 1 shows that 12 out of 14 (86%) postgraduate and 12 out of 17 (70%) undergraduate students stated they preferred VR over the traditional teaching, while. 4 out of 17 (24%) undergraduates and 2 out of 14 (14%) postgraduates preferred in-class teaching. Interestingly, 1 out of 17 (6%) undergraduate student found the combination of both teaching modes is more effective than the in-class or VR delivery mode alone. It is also clear from the table that undergraduate students prefer the traditional lecture more than postgraduate students. The undergraduate group had a higher proportion of overseas students who may have found in-class teaching more effective, as evident from the comments presented in Table 2 . Students were asked what they liked about the two modes of teaching after they were exposed to both delivery methods. Their answers are shown in Table 2 . The respondents who preferred VR mentioned "visual -easy to understand", "able to see connection between the different steps" or "motivating" method, whereas respondents who preferred in-class listed "slides are better for a later recap", "more information, text visible, easier to memorise" and "prefer learning style as information is provided in words".
When students were asked to list what they disliked about their less preferred method of teaching delivery, respondents who preferred in-class mainly mentioned that "it was less effective to memorise the name of each process", and "the traditional method can get boring" while respondents who preferred VR mentioned that "it is harder to take note" and that "it [the module] is too crowded".
Students were asked to rate the teaching process on several specific dimensions (see Table 3 for the questions and the Appendix for the rating dimensions). Students' responses using the first (i.e., "extremely boring"; "extremely difficult") or last (i.e., "extremely enjoying", extremely easy) options on the seven-response choice rating scales were scored for all question items. Scores ranged from 1 to 7 for each task type where higher scores reflect a greater tendency to have a positive attitude toward the teaching methods. The results indicate that the postgraduate students were more satisfied in both VR and the traditional teaching methods than the undergraduate students. However, overall both the undergraduate and postgraduate respondents who preferred VR found the content more engaging and interesting. Both undergraduate and postgraduate students found that the material used to explain the copper processing plant was easier to understand in the VR mode than the traditional delivery method. Table 2 Reasons given for preferring VR and traditional delivery mode Table 3 Survey results from both undergraduate and postgraduate students using a 7-point rating scale (Rating dimension for each question is given in the Appendix) (e) How easy did you find it to understand the material used to explain the copper processing flowsheet?
Questions
5.0 3.3 1.7 5.7 4.0 1.7 5.4 3.7 1.7
Students were asked five open-ended questions where they were required to explain the operation of a particular equipment or understanding of a concept. A zero-to-one point rubric was created to score responses consistently. In scoring, the use of appropriately labelled diagrams and drawings that were part of the correct answer were accepted even when the question did not specifically request their use. One point was given when the student response was reasonably correct, and satisfactory, 0.5 point was given when the student response had minor omissions and/or some incorrect or irrelevant information, and 0 point was given when the student attempted the task, but the response was incorrect or inappropriate. The questions and the survey results are given in Table 4 . Overall, the undergraduate students who took the VR delivery mode performed better than those taking the traditional or in-class teaching mode in answering the knowledge questions correctly. In all five questions asked, the undergraduate VR respondents gave better responses than the in-class respondents while the postgraduate VR respondents gave better responses to three of the five knowledge questions. 
Conclusion
An interactive base metal concentrator module has recently been developed at UNSW Sydney to bring a virtual mineral processing plant to the university environment, where students can experience a real plant and visualise unit operations in 3D. The virtual reality module has actively been integrated into teaching to enhance student engagement and learning. A survey was conducted to compare two different teaching delivery modes and assess their impact on students' learning outcomes.
The survey results showed that the majority of students preferred VR over the traditional method, with a higher proportion of postgraduate students preferring the VR delivery mode than undergraduate students. Comments from the students indicated that the VR mode provided a simulated and engaging environment due to its interactive nature. While VR was the preferred method by both groups of students, some students preferred the traditional, in-class teaching. This suggests that the VR mode should not replace face-to-face teaching completely but instead it can provide students with a valuable alternative educational media to convey engineering knowledge on processing plant operation.
Face-to-face courses are increasingly incorporating some alternative teaching strategies such as online components, and blended learning where traditional in-class activities are supplemented to improve student engagement and learning outcomes. The survey results suggest that the use of VR technology may be another option for complementing and supporting traditional teaching.
